As expected, the strongest predictor of whether an installation has its wastewater treated on-site or off is its distance from civilian development. Isolated installations always treated their wastewater on-site, while those in close proximity to a large metropolitan area rarely did, and those embedded in an urban area never did. There is also a strong correlation with the geographic area of an installation: installations that are medium-large or larger were significantly more likely to have on-site WWT, while installations with very small to medium-small areas more often treated their wastewater off-site. In keeping with their tendency to have larger and more remote bases, the Marines Corps and Army more frequently had on-site wastewater treatment.
The set of on-site WWT facilities analyzed consists of 101 facilities on 88 bases. (Eleven installations have more than one WWT facility.) For all on-site facilities, Noblis was able to determine with a reasonable degree of certainty the business model (owner and operator) and capacity (daily design flow). For all but 15 facilities, Noblis found the highest level of treatment being used. For the type of technology employed, Noblis focused mainly on secondary treatment, since primary treatment consists only of settling and perhaps skimming, and since the exact processes used for advanced treatment were generally not determined during this phase of the project. For those facilities found to be treating to a secondary or advanced level, Noblis determined the type of secondary technology being used for 91% of them.
and all of these were the most traditional option for on-site facilities: government-owned, contractor-operated. The Army was the only Service to have on-site facilities owned by another entity, and the only one to have entered into arrangements with public utilities.
Of the 85% of facilities in this study for which the treatment level is known, secondary treatment was the highest level used for almost two-thirds of them. Less than one in seven facilities treated only to a primary level, with four using only septic lagoons or settlement ponds that do not achieve even a primary level of treatment. On the other end of the spectrum, 15% of facilities in this group use advanced treatment. Across the Services, the Air Force and Navy seldom use advanced treatment. Otherwise, the distribution of treatment levels is fairly even across the Services, with the notable exception of the Marines Corps which in all cases treated to at least a secondary level, and used advanced treatment as often as it used secondary.
Across the data set, advanced treatment was considerably more prevalent among facilities with large and very large design flows, while a limit to only primary treatment occurred more frequently among the small and very small facilities. Another strong correlation is the much higher frequency of advanced treatment on installations with large areas. No trend with respect to area was observed for facilities limited to primary or secondary treatment.
The type of secondary treatment processes used on DoD installations mirrors that of the country as a whole, in that the predominant technologies were trickling filter and activated sludge. Combined, these accounted for three-quarters of the on-site facilities evaluated. Six other secondary processes were represented, with oxidation ponds and oxidation ditches being the next most common technologies. Given the relative isolation of many DoD installations, and the large amount of land many of them occupy, one quarter of them relied solely on ponds or lagoons for treatment. These served to provide all levels of treatment, from pre-treatment through advanced, although most were primary or secondary. Most ponds or lagoons occurred on installations separated from urban development, either quite removed from any development, in a periurban area separated from any community, or near only a small town; just one was in the vicinity of a smaller city. Surprisingly, all the Military Services differed considerably with regard to their primary and secondary treatment technology profiles. For example, the Army strongly favored trickling filters while the Navy used none; the Air Force had an unusual reliance of ponds and lagoons (37% of facilities). The Navy and Marines Corps relied on less common technologies for one-quarter of their facilities, while the Army used none of these. Factors such as installation siting and year of construction might have some bearing on these trends, but some of the difference is likely due simply to different traditions within each Service.
Some parallels were observed between the size of a WWT facility, in terms of its design capacity, and the type of technology used. The two dominant technologies-trickling filters and activated sludge-are represented across all size categories, but they do occupy somewhat different niches on DoD installations. Activated sludge was quite common among small and very small facilities, but was used in large or very large facilities only twice. Trickling filters skew the other direction, favored more by facilities with large capacities, with very few medium-small to very small facilities using this process. The preference for activated sludge in lower flow facilities may be due to its lower initial capital costs compared to trickling filter technology. Oxidation ditches were used twice as often in facilities ranging from very small to medium than they were in medium-large and large facilities, consistent with their large footprints and long retention times. Ponds and lagoons occurred across the spectrum of facility capacities, showing little correlation with size.
The data also reveals correlations between the type of treatment technology and the population density of installations. As expected, ponds and lagoons serving as the sole treatment for domestic wastewater were absent on installations with high or very high density, as were oxidation ditches, consistent with the relatively large areas required by these approaches. Where ponds and lagoons did occur, their frequency dropped sharply with increasing density. Given a choice between trickling filters and activated sludge, trickling filters were more frequent on less dense installations, while activated sludge skewed to higher density installations.
Focusing specifically on secondary treatment technologies, the data reveal a clear correlation with an installation's proximity to development. The prevalence of the four most common technologies used by DoD installations correlates with the relative extent of their isolation, in the following order from left to right:
Pond or Lagoon > Oxidation Ditch > Trickling Filter > Activated Sludge. That is, ponds and lagoons are most common is more isolated areas, while activated sludge is the most prevalent secondary technology in more urban settings. The greater representation of activated sludge in urban areas and on installations with greater density is due to its relatively compact size for the quality of effluent it yields.
Introduction to Wastewater Treatment Practices
This brief introduction of wastewater treatment processes, and the technologies used in them, provides the background needed for discussing the various approaches to WWT used by DoD installations.
Process
A schematic of the entire process from preliminary through advanced treatment is shown in Figure 1 , and an aerial photograph of a facility using oxidation ditch technology following by tertiary filtration is shown in Figure 2 . Local regulations can vary, but the U.S. Environmental Protection Agency defines the different levels of treatment in terms of the concentration of biochemical oxygen demand (BOD) and total suspended solids (TSS) in the effluent, as compiled in Table 1. 1 BOD is a measure of how much oxygen bacteria consume in a given volume of water over a given period of time, making it a useful proxy for the organic content present in water. The measurement is usually given in terms of BOD 5 , where the measurement is made at a temperature of 20°C after five days in the dark, but BOD 30 (the 30-day average) is sometimes used. 
Pre-Treatment
The purpose of the pre-treatment and primary treatment stages is to separate most of the solids from the liquid component of the waste stream. Coarse solids, and most inorganic material, are removed from the waste stream during the pre-treatment process. After screening out large debris, the wastewater goes into one or more grit chambers designed to allow inorganic materials such as gravel, sand, and eggshells, along with abrasive organic particles such as coffee grounds, to fall out of suspension.
Primary Treatment
Primary treatment is the principal means of separating solids in the waste stream from the liquid. It reduces solids by approximately 70% and removes about half of the organic load. Primary treatment is based on the density of the suspended particles: particles dense enough to settle during the allotted detention time do so, forming sludge, while fats, oils, and grease float to the top and are skimmed off. Smaller particles remain suspended (comprising the TSS) and require secondary treatment to be removed. Where mechanical equipment is used, primary treatment technology essentially consists of settling tanks and skimmers. Otherwise, it simply takes the form of stabilization ponds. (Septic tanks also constitute primary treatment but on a small scale.)
Secondary Treatment
The secondary phase of WWT is primarily for the removal of organic matter (measured as BOD) by biological means, although it also further removes solids and reduces pathogens. Secondary treatment technologies reduce organic matter in wastewater by subjecting it to bacterial decomposition (often termed "digestion") under aerobic conditions. The rate at which organic matter is consumed depends on the rate at which dissolved oxygen can be provided to the bacteria. Therefore, there are three broad categories of secondary treatment, depending on the extent to which mechanized technologies are used to hasten the rate of oxygen transfer: 1) Non-mechanized lagoons (aerobic, facultative, or an integration of both) and passive constructed wetlands that do not have mechanical aeration or other power requirements; 2) Aerated lagoons and constructed wetlands (that is, systems augmented with mechanical aeration); and 3) High-rate aerobic treatment systems.
The high-rate systems are further broken down depending on whether the micro-organisms are suspended in the wastewater and/or attached. 
Advanced (Tertiary) Treatment
The primary purpose of advanced treatment is nutrient removal, phosphorus as well as further nitrogen removal. Metals and other contaminants can also be removed at this stage. The usual forms of advanced treatment are one or more of the following biological, physical or chemical treatments: 1) biological -further biological nitrogen removal; 2) physical -tertiary filtration to further reduce suspended solids (that contain nitrogen); and 3) chemical -a variety of chemical treatments, including absorption, precipitation, coagulation and/or gas stripping, to remove phosphorus and perhaps metals, as well as further reducing nitrogen.
Final disinfection and decontamination are sometimes defined as advanced treatment, but for purposes of this study these treatments are considered to be a separate process. In cases where treated wastewater is discharged or reclaimed, disinfection to remove pathogens-for example through chlorination or ultraviolet radiation-always follows the final stage of treatment, whether it be primary, secondary or advanced. Also, for purposes of this study, the removal of dissolved material, using reverse osmosis for example, is considered to be separate from advanced treatment. 
Technologies

Stabilization Pond
A stabilization pond is a shallow body of water, surrounded by a berm, used for the primary treatment of raw sewage. It is either located in an area with impervious or nearly impervious soil, or it is lined. Lacking any mechanized aeration, it provides two treatment services: the settling of solids and the removal of some nitrogen. The quality of the effluent is strongly dependent on temperature. Colder temperatures are more effective at settling solids but ineffective at removing nitrogen, while the warmest months remove much of the BOD 5 but little of the solids. Stabilization ponds can be part of a treatment process or constitute the entire treatment. They are generally designed to handle loads of 50 pounds of BOD 5 per acre per day (corresponding to about 400 people), with detention times on the order of 45 days or more.
Not counting entirely anaerobic ponds, which are not commonly used, there are two basic types of wastewater stabilization ponds or lagoons: aerobic and facultative. In addition, there are two other types of ponds or lagoons that rely on the same processes but provide secondary and tertiary treatment:  Oxidation Pond -receives flows from either primary treatment tanks or a stabilization pond and provides secondary treatment.
 Polishing Pond -receives flows from either an oxidation pond or other secondary treatment process and provides tertiary treatment. All of these rely on sun, wind, and algae to support aerobic digestion. Algae are critical to the process: photosynthesis by the algae produces oxygen used by the aerobic microorganisms, which in turn produce carbon dioxide and inorganic forms of nitrogen and phosphorous used by the algae.
The advantages of ponds are they cost little to build, are long-lived, and require little energy, cost or effort to operate and maintain on a day-to-day basis. They can handle large flows and adapt readily to changes in flow, and they generate between two and five times less sludge per pound of BOD removed than conventional plants. Finally, they provide habitat for wildlife. On the other hand, the pond systems have significant disadvantages: large land requirements, the possibility of odor and groundwater contamination, high suspended solids in the effluent due to the presence of algae, a pronounced dependence of performance on ambient temperature, and the costly need every five to ten years for sludge removal.
Aerobic Lagoon
An aerobic pond or lagoon is shallow enough (about two feet, and no more than three) that oxygen is present throughout, enabling all decomposition to be aerobic. Aerobic ponds are not suitable in climates cold enough to freeze over the surface.
Facultative Lagoon
Facultative lagoons are the type most commonly used for municipal wastewater. They consist of an aerobic portion on top, an anaerobic layer on the bottom, and a "facultative" zone in between that has both aerobic and anaerobic conditions (Figure 3 ). Therefore facultative lagoons are about twice as deep as aerobic lagoons, or a little more. Most of the organic matter is degraded in the aerobic layer (the top two feet or so). The spent cells of microorganisms, along with a portion of organics that settle before they can be broken down, settle to the bottom in the anaerobic zone, where anaerobic processes slowly continue the decomposition. Facultative lagoons have two inherent advantages: (1) the foul-smelling compounds formed in the anaerobic zone are usually degraded in the aerobic zone; and (2) the presence of three zones with different oxygen conditions kills microorganisms not adapted to the environment, including pathogens.
Oxidation Pond
An oxidation pond is essentially the same as a stabilization pond but the influent it receives has already been subjected to primary treatment. It provides a secondary level of treatment in the form of additional settling and nitrogen removal, and some removal of fecal coliform. Polishing Pond A polishing, or finishing, pond is the last step between the oxidation pond (or other form of secondary treatment) and discharge to the environment. Further removal of suspended solids, nitrogen and fecal coliform occur, and much of the remaining algae can be removed by stocking the pond with algae-eating fish. Detention times are only one to three days, and the ponds are about twice as deep as stabilization and oxidation ponds to deter the growth of algae.
Mechanically Aerated Lagoon
An aerated lagoon (Figure 4) 
Trickling Filter
A trickling filter system is an aerobic, fixed-film treatment process in which wastewater is sprayed across a bed of highly permeable media from above, trickling down over the media surface ( Figure 5 ). The media has a gelatinous coating of microorganisms (bacteria, protozoa, and other organisms), that degrade the organic matter in the wastewater as it flows over the surface. (There is no actual filtering taking place.) Media can be natural or synthetic durable material, including rock or molded plastic. Air flowing through the open spaces keeps conditions aerobic, and the organic matter in the wastewater provides the nutrition to sustain microbial growth, e.g., the "slime" layer. Since one pass is not sufficient to decompose all the organic matter, and since dead or excess microorganisms continually slough off the slime film, the effluent is recirculated. 
Activated Sludge
The term "activated sludge" refers to suspended pieces of material (or floc), each of which consists of both organic matter from wastewater and the microorganisms consuming it. The activated sludge suspended in the effluent from primary treatment is called "mixed liquor". It must be continually aerated to provide the oxygen for decomposition, and agitated to keep the floc in suspension so it remains in contact with the wastewater (Figure 6 ). Once treatment in the aeration basins is complete, the effluent is sent to the secondary clarifier, consisting of one or more clarification tanks, or settling basis where the activated sludge is separated from the wastewater. At this point, a portion of the activated sludge (roughly a quarter) is collected and returned to the aeration basins. This reuse of activated sludge occurs repeatedly in order to maintain a viable population of bacteria. The remaining sludge is removed, treated, and either used or disposed.
Rotating Biological Contactor
A rotating biological contactor consists of a drum containing a series of circular disks that slowly rotate through wastewater (Figure 7), with the discs submerged about one-third to one-half of the way at any given time. The microorganisms grow as a biofilm attached to the rotating disks. Excess accumulation of microorganisms is sheared off by the rotation. The advantages are mechanical stability and low maintenance due to the simplicity of the system, and low energy requirements due to the slow speed of the discs. This same simplicity is its main disadvantage, as there is essentially no flexibility to alter the system.
Oxidation Ditch
Oxidation ditches are a modified form of activated sludge technology, based on rapidly flowing and churned wastewater moving through an endless, shallow channel (ditch) arranged in a racetrack configuration (see Figure 8 ). They are a favored technology in small-to medium-sized communities but with their large footprints and long retention times are unsuitable for larger populations with larger flows. If desired, the raw sewage can flow directly into the ditch, passing only through screens rather than a primary settling tank. After its time in the ditch, the effluent goes to a clarifier to settle out the sludge, which is returned to the ditch while the clear effluent is discharged. The technology is effective at removing phosphorous as well as nitrogen, and can do so on unusually concentrated influent. The design does have operational disadvantages: it produces considerably more sludge than other methods and the wastewater has a propensity for foaming and forming scum.
Vertical Loop Reactor
A variation on the oxidation ditch is the vertical loop reactor, in which the flow circulates in a vertical plane rather than horizontal ( Figure 9 ). As a result the basins are very deep and the footprint much smaller than an oxidation ditch. Also, construction costs are lower because the tanks share common walls.
Sequencing Batch Reactor
The sequencing batch reactor is a modified activated sludge process based on a repeated series of five steps, as shown in Figure 10 :
 Fill -wastewater flows into the tank  React -aerobic biological decomposition of organic matter  Settle -the clarification step to give some of the solids time to settle out  Draw -effluent is removed  Idle -sludge is removed The system consists of at least two tanks (three are shown in Figure 10 ), with one settling while the other is filling and aerating. Each tank typically goes through about five cycles per day. An advantage of sequencing batch reactors is they do not require a separate clarifying tank, so their footprint is smaller than a conventional system. The potential disadvantage of the process is that it requires precise computer automation to control the steps. 
Sand Filters
Sand filtration is a fixed-growth treatment process in which the wastewater is dosed onto a bed of sand or silica particles of uniform size, with the surfaces of the grains providing substrates for the microorganisms, and the voids in between providing space for oxygenation. The treatment provided is considered advanced secondary or-if it follows secondary treatmenttertiary filtration. The system shown in Figure 11 is a continuous, upflow, deep-bed, gravity-flow sand filter, the type used for municipal-scale wastewater treatment. 
Characterization of DoD Installation Wastewater Treatment
Methods
Types of Installations Included in Study
The installations included in this study numbered 167, 2 based on restrictions to the following types:
 Naval Submarine Bases  Naval Air Weapons Stations  Naval Support Activities (some, depending on the mission)  Naval Stations  Naval Bases  Naval Air Stations  Naval Weapons Stations  Air Force Bases  Marine Corps Air Stations  Marines Corps Air-Ground Combat Center  Marine Corps Logistics Bases  Marine Corps Bases  Army Forts  Army Proving Grounds  Army Depots, arsenals, and ammunition plants No Army Camps are included in the final list of installations surveyed. Camps were examined, but almost all of them were disqualified by virtue of being solely devoted to National Guard or Reserves, or because they were a component of a larger installation. Of the few Army Camps that were not disqualified for these reasons, none of them has WWT facilities listed in DoD databases.
The following installations were not included:
 Figure 12 , the installations studied spanned the Military Departments about equally, with 6% being Joint Bases.
Characterizing Installations
The surveyed installations were characterized using three parameters:
1) Daytime population (active military and civilians) 2) Installation footprint (area in square miles) 3) Geographic siting of the installation relative to civilian development (towns and cities).
The siting of an installation relative to development is characterized by one of the seven categorizes shown in Table 2 , ranging from completely isolated to embedded within an urban area. For population and area, to facilitate analysis, each installation in the study was categorized from very small (VS) to very large (VL) (to "huge" in the case of area), as shown in Table 3 . Figure 13 uses a map of San Francisco for scale, with its more or less square shape, to illustrate the range of installation areas and their corresponding size categories. A compilation of the installations examined in this study, with their categories for population, area, and siting, are provided in Appendix C. 
Separated, rural
In a rural area that has communities, but it is not adjacent to any of them Separated, peri-urban In a peri-urban area but separated from any community
Adjacent Town
Directly adjacent (or nearly so) to a town (fairly small community) Adjacent Smaller City Directly adjacent (or nearly so) to a city that is not large Adjacent Large Metro Directly adjacent (or nearly so) to a large metropolitan area
Embedded Urban
Embedded within an urban area WWT facilities not included in this study were those devoted or nearly devoted to industrial wastewater, and those treating <1,000 gallons per day (0.001 million galls per day, mgd) of wastewater.
On-Site Versus Off-Site
To determine whether the wastewater for an installation is treated on-site or off, Noblis began with the list of installations as described in Section 3.1.1 and compared it to the facilities listed in the DoD databases. As a first approximation, facilities listed in DoD databases were considered on-site and installations not listed were assumed to have off-site treatment. However, the situation was often not that simple, complicated in part by the continually evolving landscape regarding both ownership and operation of facilities, and base closures and mergers. It was not uncommon for DoD databases to list facilities when WWT is actually handled off-site, and for on-site facilities to be missing from Service and/or RPAD databases. For example, a facility for Fort Bragg is still listed as active and governmentowned, but an internet search found that in 2006 the adjacent municipality extended its wastewater collection infrastructure to the installation and the on-site plant is now out of service. For some installations, research was needed because the DoD databases had no facilities listed, and there were no National Pollutant Discharge Elimination System (NPDES) permits for wastewater discharge, in cases of large, relatively isolated installations where off-site treatment is unlikely. To arrive at a final pair of lists for on-site and off-site facilities serving installations, Noblis frequently used internet searching to augment information from the databases. 
On-Site Facility Data
Each DoD database, to varying degrees depending on the database, provided some portion of the following data:  Facility Code -Indicates whether the facility is for sewage treatment (code 8311), be it primary, secondary or advanced; less sophisticated sewage treatment (septic tanks and drain fields or settlement lagoons/ponds; code 8314 or 8315); or specifically for the treatment of industrial wastewater (83115 or 83140, depending on the database).
 System or Real Property Asset Name -Occasionally gives insight into level of treatment and/or type of technology used.
 Volume Flow -Design flow (plant capacity, in mgd), sometimes also with average flow. The Navy database also indicated whether the discharge was to a public utility (Publicly Owned Treatment Works, POTW), which helped determine on-site from off-site facilities. Three of the DoD databases (RPAD, the Navy, and the Air Force) included the year the facility was built, but the data is too uncertain to be useful. Often parts of a plant, not the entire plant, undergo improvements over the years, making the citation of a single year of questionable value. Also, the dates provided in RPAD frequently disagreed with those in the Service databases. Between the databases and internet searching, Noblis found data on the year built (or improved) for 78% of on-site facilities, but dates are not included in this report. Gaps and discrepancies in information were addressed with internet searching, and facilitated where possible by NPDES permit numbers for the installations, which were usually obtained from the EPA ECHO database. Using NPDES numbers in internet searches sometimes led to state government discharge compliance documents which listed treatment levels and flows. (NPDES numbers were not available from DoD databases, except for occasional comments in Service databases.) The ECHO database was useful to a point for providing NPDES numbers, but many on-site DoD facilities are missing from it. Note that some facilities do not need NPDES permits because the wastewater is never discharged to a body of water other than a sewage treatment lagoon or pond.
Business Models
It is possible to determine the legal arrangement (owner and operator) for a facility if two codes are available: the Interest Type Code (indicating ownership) and the Operational Status Code (indicating operation). Of the on-site facilities in full service, the ownership/operation code combinations are:
 GOGO (government-owned, government-operated) = FEE + ACT  GOCO (government-owned, contractor-operated) = FEE + DISP  COCO (contractor-owned, contractor-operated) = PRIV + DISP or PRIV + ACT 3 "Contractor" here is used broadly to include public utilities. Where Noblis was able to determine through internet searching that ownership or operation was by a POTW, a "P" was substituted for the "C", giving five business models for on-site wastewater treatment: 1) GOGO 2) GOCO 3) GOPO 4) COCO 5) POPO
The owner and operator codes were available for all Army facilities from the information provided by the Army, and in some cases for the other Services when a government-operated facility appeared in RPAD. (The RPAD data provided to Noblis did not include facilities whose operation had been transferred to another entity, so it was useful only for verifying GOGO arrangements.) For facilities where one or both codes were not available, Noblis assumed as a first approximation that a listed facility was GOGO, but used internet searching to try to determine if this was accurate. It should be noted, however, that the business model designations assigned to facilities in the databases cannot be entirely trusted as accurate, because it was not uncommon for a plant to be listed in a current Service database as government-owned, yet for a solicitation for its privatization to have been posted on the Federal Business Opportunities web site some years earlier. In such cases, the database may still be listing a privatized facility as government-owned, or perhaps the privatization did not come through. Noblis could not always resolve these discrepancies, in which case the designation was left as GOGO. Table 5 summarizes the extent to which Noblis was able to determine the highest level of treatment used by the set of on-site plants, and the technology used. Of the 101 on-site WWT plants in this study, at least some information on wastewater treatment was found for over 85% of them (all but 15). Of the 87 plants with treatment information, the most common blank was the specific technology used for the plants using only primary treatment. However, this information is not essential in the context of the project objectives, since primary treatment by definition consists essentially of the removal of a large quantity of solids by settling (and sometimes skimming), be it in tanks or ponds. On the other end of the treatment spectrum, for about a third of the facilities using advanced treatment technologies, Noblis was not able to determine the type of secondary treatment preceding the final, advanced treatment. Also, Noblis was usually not able to determine, during this preliminary stage of the project, the exact types of advanced treatments applied. However, for those facilities determined to be using either secondary or advanced treatment, Noblis was able to determine the type of secondary technology for 91% of them. 
Extent to Which Treatment Data Found
Data Analysis
Trends in the Use of On-Site versus Off-Site Wastewater Treatment
Out of 167 installations included in this phase of the project, a little over half of them (53%) have at least one on-site WWT facility. Eleven installations have more than one facility on-site. As expected, the strongest predictor of whether an installation has its wastewater treated on-site or off is its distance from civilian development. As shown in Figure 15 , installations that are isolated (either completely or in rural areas with little development in the vicinity) always treat their wastewater on-site. By a similar logic, installations embedded within urban areas always use nearby public utilities for their WWT, and only three of the 23 installations in close proximity to a large metropolitan area have their wastewater treated on-site. There is also a strong correlation with the geographic area of an installation, as demonstrated by Figure  16 : installations that are medium-large or larger are significantly more likely to have on-site WWT, while installations with very small to medium-small areas more often have their wastewater treated off-site. The daytime population of an installation, however, has little if any bearing on whether wastewater is treated on-or off-site.
Across the Military Services, the trend seen in Figure 17 for the Marines Corps and Army to more frequently have on-site wastewater treatment follows the tendency-as illustrated by Figures 18 and 19 for all installations in the study-for these Services to have larger and more isolated installations.
Trends in Wastewater Treatment Approaches Used by Installations with OnSite Facilities Facility Design Capacity and Flow Rates
Flow rates are principally of interest in this project for purposes of examining the correlation of various WWT approaches with facility design flow (the capacity, or size, of the facility). These correlations are discussed in the sections that follow. In addition, Noblis explored the correlation between the daytime population of installations and WWT flows. Not surprisingly, there was very little correlation with the design flow, since actual flows are almost always considerably smaller than the design flow. (Noblis was able to obtain average flows for only 59% of on-site WWT facilities in this study, but on average for this 
Business Models
The fact that infrastructure is located on a military installation no longer corresponds with DoD ownership. Of the 101 WWT facilities in this study that are located on installations, 14 % of them are not owned by the government: 12% are owned (and operated) by contractors, and 2% by public utilities (Figure 21 ). Among the 88 facilities that are owned by the government, seven are operated by other entities: six by private-sector contractors and one by a POTW.
The data reveal a number of trends for business models. With regard to the siting of an installation, alternative business models are more prevalent away from urban areas. There are no such facilities either near or embedded within a large urban area; 60% are in the vicinity of a smaller city or small town; and 40% are isolated (either completely or in rural areas separated from any community). Alternate business models are more common in facilities with advanced treatment. Of the 16 facilities with advanced treatment, 38% of them use an alternative business model. This is about double the frequency occurring in facilities whose highest level of treatment is either secondary or primary. Finally, for plant capacity, although COCO facilities span the entire range of sizes from very small to very large, COCO facilities have a tendency to be large, with 75% having medium-large, large or very large capacity (Figure 22 ). The other alternative business models were spread fairly evenly over the different facility size categories.
Perhaps the most interesting observation regarding business models is the distribution of alternative business models across the Military Services: of the 20 facilities using alternative business models, 16 of them (80%) are Army. The Air Force has three alternative models, the Marines Corps and Joint Bases just one each, and the Navy none. Further, all four alternative models used by the other Services are the most traditional option: GOCOs. The Army, by contrast, has a dozen installations where the on-site WWT facility is not only operated by a private entity but owned as well, the only Service with such arrangements (of the installations in this study). The Army also has the only examples in this study of arrangements with public utilities, both GOPO and POPO.
Treatment Level
Of the 86 facilities in the study for which the highest level of treatment is known, secondary treatment far outstrips other options, as shown in Figure 23 . Only one in six plants use advanced treatment, and 15% are constrained to primary treatment only. Only four installations use septic lagoons or settlement ponds that do not achieve even a primary level of treatment, and one installation relies on septic tanks (in an area where civilian development also relies heavily on septic tanks). Across the Services, Figure 24 reveals that the Air Force and Navy seldom use advanced treatment. Otherwise, the distribution of treatment levels is fairly uniform, with the notable exception of the Marines Corps whose highest level of treatment is always either advanced or secondary, with equal frequency (for the ten out of 12 bases for which the treatment level is known).
As expected since secondary treatment is by far most prevalent, its occurrence is spread fairly evenly across the various factors: the Services, facility capacity (size in terms of flow), and the installations' geographic siting and area. Noblis examined whether any trends or drivers exist for the less common levels of treatment. For facility size, Table 6 presents a matrix of the number of facilities in each size category for each level of wastewater treatment. 5 The results are depicted graphically in Figure 25 , with the breakdown by highest treatment level plotted in each facility size category. The bar chart shows that secondary treatment dominates in the mediumsize facilities, but advanced treatment is considerably more prevalent among facilities with large and very large design flows. A restriction to primary treatment occurs more frequently among the small and very small facilities than it does in the other size categories.
There is one other factor exhibiting a parallel with the occurrence of advanced treatment: large geographic area. As displayed in Figure 26 , installations with large to huge areas had almost three times as many facilities with advanced treatment than installations with medium areas (MS to ML); no advanced facilities existed on installations with small and very small areas. No such correlation exists for facilities limited to primary treatment. Noblis also did not observe any clear relationship between the highest treatment level and the geographic siting of the installation.
5 The table shows 85 facilities rather than 86 because the Naval Base relying on septic tanks is not included. 
Treatment Technology
This section of the report discusses trends and correlations between the type of WWT technology in use on installations and a variety of factors. It is important to offer the caveat, however, that in many cases choices on technology were made many years ago, and some factorsnotably installation population and the amount of development around the installation-have changed since then.
DoD installations are conventional when it comes to wastewater treatment technologies. Of the 63 facilities for which Noblis was able to determine the type of secondary technology being used, fully threequarters use either trickling filter or activated sludge (Figure 27 ), reflecting the popularity of these two process among the general population of WWT plants. Of the group in this study, seven secondary treatment processes were represented, but most of the facilities-seven out of eight-were using one of four technologies: trickling filter (38%), activated sludge (29%), oxidation ponds (13%), or oxidation ditch (9%). In addition to the set of known secondary technologies, treatment approaches were determined for nine other facilities: seven of the 13 primary treatment facilities are known to be ponds or lagoons, and all three pre-treatment facilities are settling ponds. This brings the data set of known treatment processes to 73.
Out of this set of 73, the sole use of ponds or lagoons for wastewater treatment was not uncommon. One-quarter of facilities (18) relied solely on some sort of pond or lagoon for WWT, spanning all levels of treatment: pre-treatment (3 facilities) , primary (7), and secondary (8). Although almost a third of these installations are in the "huge" category for area, the other installations using only lagoons for treatment range from small to medium-large, so there is not a strong correlation between a reliance on lagoons and installation area. The stronger correlation is with relative isolation: ten of the installations were isolated (completely or nearly so), eight were in a periurban area separated from any community or were near only a small town, and just one was close to a smaller city.
One surprising finding is the variation in treatment approaches employed across the Military Services (Figure 28 ). (The two Joint Bases for which the treatment technology is known-Joint Base LewisMcChord and Joint Base San Antonio Camp Bullis-were combined with the Army for this analysis.) The Army strongly favored trickling filters, and uses none of the less common processes. By contrast, the Navy used no trickling filters at all, preferring activated sludge, and a quarter of their technologies are the less common varieties (rotating biological contactor, sand filter, and sequencing batch reactor). The profile for the Marines Corps is similar in this regard, but a quarter of its facilities used trickling filters compared to none for the Navy. The profile for the Air Force is different yet again, with 37% of its facilities using either primary or secondary ponds or lagoons.
There are some trends that can be observed in Figure 29 between treatment technology (secondary, plus all ponds and lagoons, regardless of treatment level) and the size of the facility in terms of design flow. The two most common technologies, activated sludge and trickling filters, have very different profiles with regard to facility capacity. Activated sludge was used in quite a few small and very small facilities, but by only one large and one very large facility. Trickling filters skew the other direction, favored more by facilities with large capacities, with very few medium-small to very small facilities using this process. An influencing factor may be that the higher initial capital costs for trickling filters make it a less popular choice for smaller facilities. There were only six oxidation ditches in the study, making it difficult to identify trends, but the data is consistent with the fact that the large footprint and long retention time for this technology make it unsuitable for large flows. There was only one large facility and one medium-large using the oxidation ditch, with the other four ranging from medium to very small capacity. Ponds and lagoons occurred across the spectrum of facility capacities, showing little correlation with flow.
Installation area by itself is not a good parameter to analyze for correlations with treatment technologies, because some installations have an abundance of undeveloped land far beyond that relevant for the choice of technology, while others are densely populated. A better but related parameter is population density. To facilitate the evaluation of data, average installation densities were grouped into categories from very low to very high density as shown in Table 7 . (Noblis based the assignment of categories on the installations relative to one another, not on civilian development densities. For example, although citations of suburban density vary greatly, it can be considered to be roughly between 1,000 and 3,000 people per square mile. For urban areas, the density of Denver, Colorado is 3,700 people per square mile, while Washington, D.C. is approaching 10,000. DoD installations are generally considerably less dense than civilian development, with only ten installations falling into the high or very high density category.
6 )
The population density categories are graphed in Figure 30 for the four most common treatment technologies, revealing some trends. First, ponds and lagoons serving as the sole treatment for domestic wastewater were absent on installations with high or very high density, as were oxidation ditches, consistent with the relatively large areas of these approaches. The occurrence of ponds and lagoons, in particular, steadily declined as density increased.
Trickling filters were present more frequently on less dense installations, compared to activated sludge, with both high density installations using activated sludge. This trend is consistent with the larger land requirement for trickling filters compared to activated sludge, and due to the fact that-for a given footprint-the activated sludge process requires less time to achieve a given effluent quality. This reduced time, however, does come with an energy cost.
There is little correlation between the type of business model for a facility and its treatment technology. Of the facilities for which the treatment technology process is known, 13 have alternative business models. They are dominated by the two most common types of technologies: seven of them use trickling filters and four use activated sludge.
Focusing on just the type of secondary technology used by a WWT facility, the data reveal a clear correlation with an installation's proximity to development. Figure 31 plots the occurrence of the four where there is a declining likelihood going from left to right for the technology to be in an isolated area, and an increasing likelihood for it to be in an urban area. That is, ponds and lagoons are most common in more isolated areas, and activated sludge is the most prevalent secondary technology in more urban settings. As noted earlier, ponds or lagoons for all treatment levels are more prevalent in more isolated areas, and secondary ponds and lagoons follow this trend. Not surprisingly, the greater prevalence of activated sludge in more urban areas tracks this same tendency with population density. Tables   Table 1  EPA Definitions of Wastewater Treatment Levels  Table 2 Categories Used to Describe the Siting of Installations Relative to Development Table 3 Installation Population and Area Categories Table 4 Type of Data Provided by DoD Databases on Wastewater Treatment Facilities Table 5 Extent to Which Highest Treatment Level and Treatment Technology Were Determined for On-Site Plants Table 6 Correlation Between Facility Size (Flow Capacity) and Highest Treatment Level Table 7 Average Installation Density Categories
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